In this Letter, we have investigated the third-order optical nonlinearities of high-quality
The synthesized nanorods were characterized by scanning electron microscopy (SEM) images, and the crystallinity was measured by X-ray diffraction (XRD). Optical properties were measured by using UV-vis and photoluminescence spectroscopies. To estimate the third order nonlinear optical properties, we have used the conventional open aperture Z-scan [17] method, which measures the total transmittance as a function of incident laser intensity. In our Z-scan experiment, 5 ns pulses centered at 532 nm from the second harmonic of Nd-YAG laser was used to excite the sample. The repetition rate of the laser was kept at 10 Hz to avoid the heating effects.
The beam was focused by a 50 cm focal length lens, and the sample was moved along the z-axis This paper published in Applied Physics Letters, 107(23), 231907 (2015) 4 of the beam by using a computer controlled translation stage. The Rayleigh length (z 0 ) and the beam waist in our experiment were 10 mm and ~84 μm respectively. For the Z-scan measurements, all the samples were dispersed in ethanol and used a 1 mm path length cuvette.
The SEM images of the synthesized nanorods are shown in Fig. 1(a-c) . The average diameter of the ZnO0, ZnO5, and ZnO10 nanorods are ~100, ~150 and ~200 nm respectively.
From the SEM images, it can be seen that there is a change in the morphology of the nanorods with increased Ni concentration. Figure 1(d) shows the XRD patterns of all the samples, which indicate that these materials exhibit wurtzite lattice, and the c-axis is the preferential growth direction. There are no traces of impurity related peaks correspond to Ni, which shows that the doping did not change the wurtzite structure of ZnO. The high-intensity peak of (002) in the ZnO0 sample decreases with Ni doping, which also suggest a change in morphology with doping. The structural analyses of the samples are shown in Table. I. The lattice constants slightly increase with Ni doping so as grain size.
The effect of doping on the optical properties is examined by recording the absorption spectra of the Ni doped ZnO dispersions in ethanol from 250 to 550 nm ( Fig. 2(a) ). Two important observations can be seen from the figure -first is the redshift in the absorption edge and the second is the broadening of the excitonic peak, both with the increase in Ni concentration. tails in the longer wavelength region of the absorption spectrum [18] .
To further understand the role of Ni doping on the optical properties of the ZnO nanorods,
we have shown in Fig. 2 (b) the room temperature photoluminescence (PL). PL spectra of the samples display two distinct peaks. One is in the UV region corresponds to the excitonic emission and the second is a broad emission band in the visible region (450 -600 nm) originating from the deep defects [19, 20] . It can be observed from the Fig. 2 (b) that with the increase in the Ni concentration, the emission intensity in the UV region increases, which is attributed to the doping induced increase in the electron concentration [21] . The decrease in the visible emission is an indication of the reduction in the density of defects (such as oxygen vacancy V O and antisite oxide O Zn ) [22] .
Open aperture Z-san which measures the total transmittance as a function of incident laser intensity was employed to study the off-resonant third-order nonlinear optical properties of the Ni doped ZnO nanorods. The Z-scan results of the samples at the peak on-axis intensity of 360 MW/cm 2 are presented in Fig. 3(a) . As the bandgap of all the samples (~3 eV) are well above the single photon energy of 532 nm, it is reasonable to assume that a two photon process occurs in the samples. Expectedly, the Z-scan peak-shape response indicates the TPA for the samples.
Importantly, the TPA shows a significant enhancement with the Ni concentration ( Fig. 3(a) ). To derive the TPA coefficient (β) of the samples, we have shown in Fig. 3(b) the intensity-dependent normalized transmittance, where the input intensity was tuned from 10 to 360 MW/cm 2 . From the figure, it can be seen that, the transmittance decreases with increase in intensity that is consistent with the theory of TPA.
To get more detailed information on the variation of β with Ni doping in ZnO nanorods,
we have fitted the experimental data with the Z-scan theory. In the case of TPA, the normalized transmittance as function of position z is given by [17]   that the increase of β with doping is due to the decrease in optical bandgap (E g ) of the sample. To get a consistent picture of this assumption, we have shown in Fig. 3(c) , the variation of bandgap and β as a function of the doping concentration. It can be seen from the figure that β increases and E g decreases with increase in Ni concentration. Thus, we conclude that the large enhancement of β might be a result of bandgap reduction. Moreover, it has been theoretically and experimentally
shown that the TPA in semiconductors follows an inverse cubic relation with bandgap [23] , i.e.
. In this equation, K and E p are material independent constants and n is the refractive index of the material. F is a band-structure dependent function, and its value depends on the ratio of photon energy and bandgap. For parabolic bands, F is given by the equation
. From our experimental results, it can be seen that E g decreases with increase in Ni doping.
Furthermore, a recent report [24] demonstrates that the refractive index decreases with Ni doping. , where R is the crystallite size and X b is the exciton Bohr radius) [25] . From the Table. I, it can be seen that the R increases with metal doping, which in effect increases the β. Here we assumed that change in exciton Bohr radius is much smaller than the change in crystallite size with Ni doping. Expectedly, similar kind of enhancement in nonlinear absorption with metal doping is observed in semiconductor quantum dots [26] . [27], graphene nanostructures (~60 MW/cm 2 ) [28] , and graphene/polyimide composites [29] .
The remarkable observation of the substantial enhancement of TPA with Ni doping occurs at room temperature, is highly advantageous for potential applications in optical limiting and switching. The optical limiter is a nonlinear device that blocks the high-intensity light while being transparent to the lower intensity beams. They are very critical in protecting various optoelectronic detectors and eye from intense laser beams. In this context, we have shown in Fig. 3(d) a plot of output intensity (I out ) versus input intensity (I in ). From the figure, it can be seen that at low I in , I out is linearly proportional to I in (Lambert-Beer law). As the I in increases a stage reaches where the I out is no longer linearly proportional to the I in , i.e. deviation of the curve from the linear transmittance (the dashed line in Fig. 3(d) ). The I in at which the curve deviates from the linear behavior is taken as the limiting threshold intensity that is an important performance parameter for an optical limiter.
Further, it can be clearly seen from Fig. 3(c) that the limiting threshold intensity decreases with Ni doping, meaning optical limiting can be even achieved at moderate intensity with Ni doping. The variation of limiting threshold intensity with Ni ratio is shown in Table II .
In contrast to normal optical designing techniques where only two dimensional structuring restricted to the material surface is possible, TPA technique has the capacity to perform three dimensional manipulations. This is because the interaction of light with material takes place only at very high photon flux such as at the focusing point of a lens. By suitable laser focusing setups one can produce a well localized light matter interaction, precisely at any desired point inside the material. Thus, the high TPA in the doped samples brings many fold increase in its potentials and provides a way to engineer the material properties in three dimensions. 
